Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in the elder population in developed countries, and neovascular AMD (nAMD) affects 10% to 15% of patients with AMD.^[@R1]--[@R3]^ Treatment with anti--vascular endothelial growth factor (anti-VEGF) agents in nAMD was a major breakthrough as clinical trials showed for the first time the possibility for disease control and improvement in vision.^[@R4]--[@R6]^ However, in regular clinical practice, nAMD treatment strategies are yet to be refined to achieve optimal outcomes.^[@R2],[@R4],[@R6],[@R7]^ Current guidelines base the decision to treat on choroidal neovascularization (CNV) activity, judged by a decrease in best-corrected visual acuity (BCVA) and/or an increase in retinal thickness (RT) obtained with spectral domain OCT (SD-OCT).^[@R2],[@R7]^ Structural improvement assumed by decrease in RT, as a marker of decrease in retinal fluid, however, does not imply a parallel functional gain, as other factors such as development of retinal fibrosis and atrophy also contribute to RT change over time and further compromise visual outcome.^[@R4]^ New structural markers are therefore needed in the retreatment decision in nAMD, to improve functional outcome and to decrease patient and institutional burden related to repeated intravitreal anti-VEGF therapy.^[@R4],[@R6],[@R8]--[@R10]^

Optical coherence tomography leakage (OCT-L) is a novel noninvasive imaging technique developed by our group with the aim to identify the location of extracellular retinal fluid and to objectively measure it. It is an indirect way to observe the alteration of the blood--retinal barrier, which results in the accumulation of fluid in the retina. This novel algorithm identifies and displays the sites of lower than normal optical reflectivity (LOR) found between the internal limiting membrane and the retinal pigment epithelium (RPE)---Bruch complex. The software was developed to provide en face fundus images, full retina scan, and layer-by-layer, in which areas of LOR are represented in white and considered to correspond to areas of extracellular fluid. Low optical reflectivity (LOR) ratios can be derived to quantify the fluid in the different retinal layers.^[@R11]--[@R14]^

The purpose of this study was to evaluate LOR mapping by OCT-L as a tool to identify, locate, and quantify abnormal retinal fluid in nAMD eyes, better characterizing CNV activity through analysis of the fluid distribution in the different retinal layers and sub-RPE space, where the neovascular complex is mainly located. Correlation with conventional structural parameters such as RT and with functional outcomes was performed, and complementarity with OCT angiography (OCTA) explored.

Methods {#s1}
=======

Design and Patient Selection {#s1-1}
----------------------------

This is a prospective, consecutive case series analysis conducted in patients with nAMD receiving the same interventional treatment following clinical practice guidelines. The tenets of the Declaration of Helsinki were followed and approval from the ethics committee of the clinical site was obtained. Written informed consent was collected from all included patients.

Patients included were being treated and followed according to the standard practice for nAMD in our department with 2.0-mg intravitreal aflibercept (IVA) injections in a pro re nata (PRN) regimen. Eyes were excluded if there were other chorioretinal diseases, dense cataract, or glaucoma, compromising acquisition of OCT scans and/or functional outcomes.

Study Procedures {#s1-2}
----------------

All patients performed an initial visit before their scheduled IVA injection with the following procedures: medical clinical history, BCVA evaluation using Early Treatment Diabetic Retinopathy Study method, biomicroscopy, and SD-OCT examination with angiography capability (HD-OCT Cirrus 5000 AngioPlex; Zeiss Meditec, Dublin, CA). Included patients repeated the same procedures 1 week (W1) and 1 month (M1) after the IVA injection.

Optical Coherence Tomography Acquisition and Processing {#s1-3}
-------------------------------------------------------

Optical coherence tomography scans of 6 × 6 mm^2^ were acquired in all patients using HD-OCT Cirrus 5000 AngioPlex (Zeiss Meditec). Raw scan data from the AngioPlex system were exported and processed using the OCT-L software for the full retinal A-scan and for each individual segmented retinal layer. The OCT-L software identifies sites of LOR and depicts them as two-dimensional *en face* images of the retina by assigning a simple representative value to each A-scan. These representative values register the existence of optical reflectivity values falling below a predefined threshold obtained from the analysis of A-scans gathered from a healthy control population and are believed to correspond to extracellular fluid.^[@R11],[@R12]^ Optical coherence tomography leakage maps were collected for the whole retina and layer-by-layer, after semiautomated segmentation procedure developed in-house. This segmentation algorithm was implemented to identify eight retinal interfaces, namely, the vitreous to inner limiting membrane, retinal nerve fiber layer to ganglion cell layer, inner plexiform layer to inner nuclear layer (INL), INL to outer plexiform layer (OPL), OPL to outer nuclear layer, inner segment to outer segment (OS), OS to RPE, and RPE to Bruch membrane.^[@R15]^ All segmented examinations were reviewed by an experienced ophthalmologist grader, and manual correction was performed whenever necessary. Maps of the LOR sites were obtained for the full retina and layer-by-layer as *en face* images. The white areas depicted in the LOR maps represent the location of the A-scans having reflectivity values below the predefined threshold, and black areas are above the threshold. The LOR area ratio was calculated as the fraction of the number of LOR A-scans by the total number of A-scans in a given area and represents the extracellular fluid distribution over the defined retinal area. The LOR area ratio was obtained for all segmented layers and for the whole retina scan. Similarly, RT was obtained for the whole retina and layer-by-layer using the same semiautomated segmentation procedure used for OCT-L analysis.

Finally, an Early Treatment Diabetic Retinopathy Study grid was applied over the macular scan in the semiautomated segmentation software after marking the fovea. Low optical reflectivity ratio and RT by subfield were obtained, and the central subfield (CSF) was considered as the 1-mm diameter circle centered in the fovea. The LOR area ratio was also calculated for the total macular area (6-mm circle centered in the fovea) for the external layers: OS layer and RPE--Bruch layer.

Conventional OCTA was performed in all eyes to compare neovascular networks morphology to OCT-L--derived fluid maps and to qualitatively analyze their evolution after treatment.

Data Analysis {#s1-4}
-------------

Low optical reflectivity ratios in the CSF at baseline, 1 week, and 1 month after treatment were compared with the Wilcoxon matched-pairs test. Full retina and layer-by-layer thickness in the CSF obtained by semiautomated segmentation was also compared between visits, and its change was correlated to LOR ratio change. Central subfield LOR ratio and central RT (CRT) change was correlated to BCVA change during follow-up using the Spearman\'s correlation coefficient, and the respective statistical significance was computed.

Eyes were divided in two groups---better responders and worse responders---when BCVA change was equal/superior or inferior to the median BCVA change at 1 month. Central RT and CSF LOR ratios at baseline and after 1 week and 1 month of anti-VEGF treatment were compared between treatment response groups by univariate analysis performed with the Wilcoxon test.

All tests were 2 sided, and significance was set at 0.05. Statistical analysis was performed with Stata 12.1 SE (College Station, TX: StataCorp LP).

Results {#s2}
=======

Twenty-two eyes of 18 consecutive patients with nAMD on intravitreal anti-VEGF treatment with aflibercept were included. Mean age at baseline was 79.8 ± 6.6 years (range, 66--89), and 55.6% were women (n = 10).

Mean BCVA was 50.9 ± 19.4 Early Treatment Diabetic Retinopathy Study letters at baseline, and mean BCVA gain was 3.6 ± 13.7 letters in the 1st week (*P* = 0.076) and 4.6 ± 12.8 letters in the 1st month (*P* \< 0.001).

Fifteen eyes (68.2%) had Type 1 CNV at baseline. Three eyes (13.6%) had mixed Type 1 and 2 CNV, and 4 eyes (18.2%) had Type 3 CNV. Only 4 eyes (18.2%) were treatment naive at baseline.

Retinal Thickness and Low Optical Reflectivity Ratio Change After Anti--Vascular Endothelial Growth Factor Treatment {#s2-1}
--------------------------------------------------------------------------------------------------------------------

Semiautomated mean CRT change for the full retina and layer-by-layer during follow-up is presented in Table [1](#T1){ref-type="table"}. Mean CRT decrease after one IVA injection was more pronounced at the level of the segmented external retinal layers: OPL, OS, and RPE--Bruch layer (*P* \< 0.05).

###### 

Central RT Change After 1 Week and 1 Month of anti-VEGF Treatment, Full Retina, and Layer-By-Layer Analysis

![](retina-40-881-g001)

Low optical reflectivity ratio change in the CSF during follow-up is presented in Table [2](#T2){ref-type="table"}. Low optical reflectivity ratio decreased mainly in the external layers---OS and RPE--Bruch layer. This was significant for the segmented RPE--Bruch layer (M1: *P* = 0.025), where the neovascular process was mainly located, and for the full retina scan (M1: *P* = 0.043).

###### 

Central subfield LOR Ratio Change After 1 Week and 1 Month of anti-VEGF Treatment, Full Retina and Layer-By-Layer Analysis

![](retina-40-881-g002)

Exemplificative clinical cases of LOR ratio mapping during nAMD treatment with aflibercept and complementarity with OCTA are presented in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}.

![Multimodal OCT-based imaging of the left eye of a patient with exudative AMD immediately before, 1 week, and 1 month after IVA injection. Optical coherence tomography leakage map of the full retina scan clearly shows the extension of abnormal fluid accumulation in the retina, and its decrease during follow-up (1st row). This change was steady and took place mainly in the OS and RPE--Bruch layers (2nd and 3rd rows). The OCTA (4th row) shows reduction in vascularization of the CNV, with rarefaction and disappearance of most vascular channels, being almost imperceptible in the 1st month. The morphology of the CNV in the OCTA resembles the OCT-L fluid distribution in the RPE--Bruch layer in the three visits. The conventional OCT B-scans and RT maps show reduction in subretinal fluid and in the size of the fibrovascular pigment epithelium detachment. Optical coherence tomography leakage segmentation used in the layers depicted is marked in white in the SD-OCT images. Optical coherence tomography angiography segmentation was customized for better visualization of the neovascular network.](retina-40-881-g003){#F1}

![Multimodal OCT-based imaging of the right eye of a patient with exudative age-related macular degeneration immediately before, 1 week, and 1 month after IVA injection. Optical coherence tomography leakage map of the full retina scan in the 1st row shows the extension of fluid accumulation and its change during follow-up. This change took place mainly in the OS and RPE--Bruch layers (2nd and 3rd rows). One can see a steady decrease in fluid distribution in the OS layer; however, in RPE--Bruch layer, there seems to be more fluid in 1st month compared with the 1st week. Accordingly, the conventional B-scans show a decrease in subretinal fluid, but the fibrovascular PED seems to increase again after 1 month (6th row). The OCTA analysis also shows a decrease in vascularization of the CNV after 1 week; however, there is repermeabilization of the vascular network in the Month 1, with a flow signal similar to baseline (4th row). Association of noninvasive OCTA and OCT-L thus show structural changes occurring before significant RT change and provide insight into a case that might need early retreatment to control the exudative membrane. Optical coherence tomography leakage segmentation used in the layers depicted is marked in white in the SD-OCT images. Optical coherence tomography angiography segmentation was customized for better visualization of the neovascular network.](retina-40-881-g004){#F2}

Correlation Between Low Optical Reflectivity Ratio, Best-Corrected Visual Acuity, and Retinal Thickness {#s2-2}
-------------------------------------------------------------------------------------------------------

Low optical reflectivity change in the CSF and BCVA change were inversely correlated for the OS layer in the 1st month visit (rho = −0.53, *P* = 0.014). No other correlation was found for any of the remaining layers.

No correlations between RT change in any layer and BCVA change were found.

Central subfield LOR change and CRT change were positively correlated for the whole retina scan in both time points (W1 rho = 0.61, *P* = 0.004; M1 rho = 0.71, *P* \< 0.001). In the layer-by-layer analysis, a positive correlation was found for several retinal layers: INL (W1 rho = 0.67, *P* = 0.001); OPL (M1 rho = 0.60, *P* = 0.004); outer nuclear layer + inner segment layer (W1 rho = 0.59, *P* = 0.006; M1 rho = 0.53, *P* = 0.013); OS--RPE layer (M1 rho = 0.69, *P* = 0.001); and RPE--Bruch layer (W1 rho = 0.90, *P* \< 0.001; M1 rho = 0.85, *P* \< 0.001).

Figure [3](#F3){ref-type="fig"} shows the correlation between RT change and LOR ratio change in the 1st month after treatment in the OS layer and RPE--Bruch layer.

![Correlation between layer thickness change and LOR ratio change in the 1st month after treatment in the OS layer and RPE--Bruch layer.](retina-40-881-g005){#F3}

Best-Corrected Visual Acuity Better Versus Worse Responders, Low Optical Reflectivity Ratio, and Retinal Thickness {#s2-3}
------------------------------------------------------------------------------------------------------------------

Eyes were divided in better responders when BCVA change at Month 1 was equal or superior to the median BCVA change for that time point or worse responders if BCVA change was inferior to that threshold. At Month 1, the CSF LOR ratio in the OS layer was significantly different between better and worse responders (0.01 ± 0.01 vs. 0.04 ± 0.04 respectively, *P* = 0.017), with no difference at baseline between response groups. Therefore, patients with better functional response had lower LOR in the OS--RPE layer compared with poor responders 1 month after treatment. No difference was found for the RT between groups in any layer or for the full retina scan.

Analysis of Recurrent Fluid From Choroidal Neovascularization at Month 1 {#s2-4}
------------------------------------------------------------------------

A quantitative and qualitative analysis of the LOR maps of the 6-mm macula was performed to investigate for increase in fluid in the OS--RPE layer and RPE--Bruch layer from Week 1 to Month 1, in each patient. Comparisons were made to the presence of intra retinal and subretinal fluid in the conventional OCT B-scans of both visits. The objective was to see whether early CNV reactivation cases could be detected with OCT-L. Results are presented in Table [3](#T3){ref-type="table"}. In 5 cases, there was an increase of macular fluid in the RPE--Bruch layer from Week 1 to Month 1, detected by enlarging LOR area in OCT-L maps in the location of the CNV and/or increase in the LOR ratio. In the OS--RPE layer, increasing fluid was detected in six cases in the CNV location in the qualitative analysis and in two more cases using the LOR ratio. By contrast, no fluid increase was clearly seen in the corresponding OCT B-scans in all cases. Figure [2](#F2){ref-type="fig"} shows one of these cases, where incipient fluid around the CNV is detected in LOR maps and is accompanied by repermeabilization of the vascular network in OCTA, but no clear fluid change is seen in conventional OCT analysis.

###### 

Macular LOR Analysis of the OS--RPE Layer and RPE--Bruch Layer From all Eyes Included. Comparison With Concomitant Fluid Change in SD-OCT B-Scans

![](retina-40-881-g006)

Discussion {#s3}
==========

In this study, we use a novel algorithm developed in our center---OCT-Leakage---to identify the location of LOR sites in the retina of patients with nAMD on anti-VEGF treatment. Low optical reflectivity sites correspond to abnormal accumulating intra retinal and subretinal fluid associated with the neovascular tissue and consequent blood--retinal barrier impairment. Optical coherence tomography leakage is shown to provide an accurate mapping of the retinal extracellular fluid and its change during follow-up. Low optical reflectivity mapping correlated well to both functional and conventional anatomical outcomes and seems to be able to identify early recurrence in CNV activity.

Several studies have reported that management of nAMD is far from optimal in the real-life clinical setting, and that new drugs and/or new biomarkers and treatment strategies must be implemented to improve outcomes and decrease treatment burden.^[@R6],[@R8]^ Optical coherence tomography leakage is a way to map and detect precisely the location of abnormal fluid, and unlike simple RT analysis, focus only on fluid change, and is not influenced by other CNV-related features such as change in pigment epithelial detachment (PED) size or subretinal fibrosis development.

Previously, our group showed that OCT-L was able to detect retinal fluid in several pathologies such as diabetic macular edema, and that fluid areas in OCT-L maps correspond to areas of leakage in fluorescein angiography and of intraretinal fluid in conventional SD-OCT.^[@R11]--[@R13]^ Optical coherence tomography leakage was also tested in other retinal pathologies with inner or outer blood--retinal barrier breakdown, showing that OCT-L effectively locates the fluid in the different layers of the retina affected by the underlying pathology.^[@R14]^ This study further validates its use not only in documenting and locating abnormal fluid in the retina but also explores OCT-L ability to evaluate fluid changes in the different layers of the retina after treatment with an anti-VEGF agent in the setting of nAMD, thus inferring about CNV activity.

As expected, a reduction in the amount of CNV-related fluid after treatment with aflibercept could be identified by both LOR ratio and RT decrease during follow-up. This change was more pronounced in the external retinal layers because that is where the exudative CNV is located. A significant positive correlation was found between change in retinal LOR and change in RT, and this correlation was strong for the external retinal layers and very strong for the sub-RPE space, where fluid and thickness changes were more pronounced. However, although LOR ratio and LOR maps represent only the decrease in fluid, RT change includes other confounding morphologic factors, such as fibrovascular tissue volume change. Decrease in LOR area and ratio can also be caused by tissue atrophy; however, its area would not be expected to change after anti-VEGF treatment, as was observed in this study. Change in LOR after treatment further validates that OCT-L effectively monitors fluid changes in patients with nAMD.

Activity of the neovascular complex in nAMD eyes is considered to be associated with the presence of abnormal fluid. Low optical reflectivity ratio and mapping analysis of the RPE--Bruch layer clearly shows fluid changes around and within the CNV after treatment. In some eyes, it increased again at Month 1, while in others continued to decrease, as seen in Table [3](#T3){ref-type="table"} and in both clinical cases presented (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Interestingly, no evident fluid changes were seen in conventional B-scan analysis. This incipient exudative activity observed with OCT-L can be a useful marker of eyes with inferior response to anti-VEGF treatment and early reactivation of the CNV in the maintenance phase of treatment, and thus needing closer follow-up and timely retreatment. Optical coherence tomography leakage seems to be more sensible to fluid changes than RT alone in the evaluation of patients with nAMD.

In our study, there was a negative correlation between CSF LOR change in the OS layer and BCVA change, showing an association between the decrease of fluid around the OS measured with OCT-L and the increase in function. No correlation was found, however, between CRT and BCVA for any layer. Retinal thickness decrease does not imply functional gain, and this is especially true in non-naive nAMD patients, where other factors such as subretinal fibrosis and atrophy development play an important role in limiting functional recovery after treatment.^[@R2],[@R5]^ Fluid analysis with OCT-L correlated better with functional outcome, than simple thickness analysis. Our findings support Santos et al^[@R13]^ who showed that in diabetic macular edema cases treated with anti-VEGF, fluid in the external layers measured by OCT-L was a more robust biomarker of BCVA recovery compared with CRT, disorganization of the inner retinal layers, or ellipsoid zone disruption changes.

To further explore this relationship of fluid measured by OCT-L and functional outcome, we performed a subanalysis considering better and worse BCVA responders. This analysis revealed a significant difference of the LOR at the level of the OS layer, between the two groups. Good responders are those with lower levels of fluid and low LOR values in the OS layer, while poor responders are those with more fluid around the OS 1 month after injection. This too suggests that fluid around the photoreceptors\' outer segments may play an important part in functional gain in nAMD, more than fluid in the other layers of the retina.^[@R13]^ Also, the LOR of the OS layer might predict those in need of more frequent injections to achieve a "dry retina" and better functional outcome.

Finally, location and quantification of retinal edema determined by OCT-L complement OCTA, offering the possibility of obtaining valuable information on breakdown of the blood--retinal barrier and fluid accumulation, together with visualization of the neovascular network change during treatment, using only noninvasive OCT-based methodologies. The two cases pictured (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) show that the combined use of both technologies gives valuable insight into the changes that occur in the neovascular network and simultaneously of the fluid location and distribution after anti-VEGF treatment. In the second case, OCT-L mapping with OCTA was able to detect early reactivation of the CNV with repermeabilization of the vascular network in OCTA and associated increase in fluid from exudation in the sub-RPE space in OCT-L at Month 1. There was no apparent increase in retinal fluid in conventional OCT B-scans and no change in the central RT map at that time point.

This study has, however, several limitations. The more important is the small number of eyes studied and the fact that most eyes were not naive to treatment, and therefore, gain in vision and correlation to LOR changes might have been compromised by the chronicity of the pathology. Low optical reflectivity ratio can also be influenced by development of atrophy or by other factors that interfere with reflectivity, such as blood or protein exudation, but such changes are readily discriminated with concomitant conventional SD-OCT in multimodal approach. Also, this study has the advantage of being prospective and correlate RT, BCVA, and the new parameter, LOR ratio. We were also able to show the complementarity of OCTA and LOR mapping analysis.

In conclusion, mapping of LOR sites with OCT-L in nAMD eyes demonstrated well the extent and location of fluid in the affected retinal layers and its change after anti-VEGF treatment. Low optical reflectivity ratio change correlated well with RT change and correlated to BCVA change, with better responders having lower LOR ratios in the OS layer 1 month after treatment. Therefore, OCT-L shows potential as a new tool to evaluate both functional and structural response to treatment in nAMD. Optical coherence tomography leakage and OCTA combined evaluate simultaneously in the same examination the morphology and activity of the vascular network.
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